[1] The causes of trends in tropospheric ozone at Northern Hemisphere midlatitudes from 1970 to 1995 are investigated with the GEOS-CHEM model, a global three-dimensional model of the troposphere driven by assimilated meteorological observations from the Goddard Earth Observing System (GEOS). This model is used to investigate the sensitivity of tropospheric ozone with respect to (1) changes in the anthropogenic emission of nitrogen oxides and nonmethane hydrocarbons, (2) increases in methane concentrations, (3) variations in the stratospheric source of ozone, (4) changes in solar radiation resulting from stratospheric ozone depletion, and (5) increases in tropospheric temperatures. Model results indicate that local increases in NO x emissions have caused most of the increases seen in lower tropospheric ozone over Europe and Japan. Increases in methane are responsible for roughly one fifth of the anthropogenically induced increase in tropospheric ozone at northern midlatitudes. However, changes in ozone precursors do not adequately explain either the spatial differences in observed ozone trends across midlatitudes or the observed decreases in ozone over Canada throughout the troposphere. We argue that ozone depletion in the lowermost stratosphere is likely to have reduced the stratospheric source by as much as 30% from the early 1970s to the mid 1990s. Model simulations that account for such a reduction along with reported changes in anthropogenic emissions show steep declines of ozone in the upper troposphere and variable increases in the lower troposphere that are more consistent with observations. Differential temperature trends in summer between North America and Europe may account for at least some of the remaining spatial variation in tropospheric ozone trends. Increases in ultraviolet (UV) radiation due to stratospheric ozone depletion do not appear to significantly reduce tropospheric ozone, except at midlatitudes in the Southern Hemisphere following the breakup of the ozone hole.
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Introduction
[2] In recent decades, divergent trends in tropospheric ozone have been observed over different regions across Northern Hemisphere midlatitudes [e.g., Logan, 1994; Tarasick et al., 1995; Oltmans et al., 1998; . Using ozonesonde observations, found that tropospheric ozone had increased substantially over Europe since 1970 at a mean rate of 2% year À1 , but that from the 1980s onward, ozone levels stabilized. Ozone over Japan showed a similar mean increase, though it was confined to the lower troposphere, and much of the increase occurred in the earliest years of the record. Over the United States and Canada, on the other hand, ozone remained relatively unchanged or had even declined at some stations [Logan, 1994; Tarasick et al., 1995; Oltmans et al., 1998; . Oltmans et al. [1998] found similar results, and noted that the decline in ozone over North America was even more pronounced at high latitudes.
[3] Tropospheric ozone levels are determined by the complex interaction between photochemistry and transport, and changes in ozone can arise from perturbations to factors affecting this balance. The primary sources of ozone in the troposphere, stratospheric injection [Junge, 1962; Danielsen, 1968; Danielsen and Mohnen, 1977; Fabian and Pruchniewicz, 1977; Holton et al., 1995] and in situ photochemical production [Crutzen, 1972; Chameides and Stedman, 1977; Fishman and Crutzen, 1978; Fishman et al., 1979] , have been known for some time, although their relative importance still remains uncertain. Changes in these two sources, mainly due to increases in the anthropogenic emission of ozone precursors (e.g., NO x ) and decreases in stratospheric ozone, are the most likely causes of observed changes in tropospheric ozone. Other factors also known to affect tropospheric ozone, such as CH 4 levels [e.g., Intergovernmental Panel on Climate Change (IPCC), 1996], solar ultraviolet (UV) radiation [Fuglestvedt et al., 1994; Madronich and Granier, 1994] and temperature [e.g., Vukovich et al., 1977; Sillman and Samson, 1995] , also may have influenced tropospheric ozone levels in recent decades. In this study, we examine how likely changes in all these factors over the past few decades have affected tropospheric ozone using three-dimensional chemical transport models (CTMs) of the troposphere.
[4] In recent years, three-dimensional CTMs have been used to investigate the present-day tropospheric ozone budget, including the contributions from in situ chemical production and stratospheric input [Muller and Brasseur, 1995; Lelieveld, 1995, 1997; Levy et al., 1997; Berntsen and Isaksen, 1997; Hauglustaine et al., 1998; Wang et al., 1998a; Lelieveld and Dentener, 2000] . While there is general agreement regarding the seasonal influence of both stratospheric injection and local chemical production of ozone, there is considerable disagreement as to their relative strength. According to recent models, between 60% and 85% [Wang et al., 1998c] of the presentday tropospheric ozone burden results from chemical production, with the remainder attributed to the stratospheric source. Much of the chemical production is attributed to the anthropogenic emission of ozone precursors. All models show that the anthropogenic influence is strongest inside the polluted boundary layer, particularly in the summer months at northern midlatitudes. Attempts to evaluate changes in ozone over time have met with limited success, however: Simulations of preindustrial ozone measurements [e.g., Volz and Kley, 1988; Marenco et al., 1994] using several of these models [Lelieveld and van Dorland, 1995; Levy et al., 1997; Wang and Jacob, 1998; Mickley et al., 2001] have had difficulty reproducing the low ozone concentrations observed in the last century. Nevertheless, the global three-dimensional CTM remains the most comprehensive tool available to evaluate the effect of various perturbations to the tropospheric ozone budget in a selfconsistent manner.
[5] Two modeling studies have been conducted to evaluate the effect of natural and anthropogenic influences on recent tropospheric ozone trends. Lelieveld and Dentener [2000] used a three-dimensional CTM driven by European Centre for Medium-Range Weather Forecasts (ECMWF) reanalyses from 1979 to 1993. The model included timedependent anthropogenic emissions scaled to annual fossil fuel statistics, but did not account for the regulation of emissions from developed nations. Ozone above 50 hPa was prescribed according to observations. Their model was able to capture the interannual variability and changes in ozone in the upper troposphere reasonably well, due largely to the influence of the prescribed stratospheric ozone, but it did not fare nearly as well in capturing ozone variations in the middle and lower troposphere. Karlsdottir et al. [2000] compared time series in ozone from 1980 to 1996 with results from a CTM driven by one year of wind fields generated by the NASA-Goddard Institute of Space Studies general circulation model (GISS GCM). Their model included timedependent emission estimates from published reports. While their model was able to reproduce the general distribution of ozone, it also had difficulty simulating observed trends. Better agreement with observations was obtained in the upper troposphere when a steady decline in the stratospheric source of ozone was assumed. Neither study, however, addressed the differences in observed ozone trends between different regions at northern midlatitudes.
[6] In this study, we investigate the factors that have contributed to observed ozone trends at Northern Hemisphere midlatitudes since 1970. Specifically, we evaluate the sensitivity of tropospheric ozone to changes in anthropogenic emissions, methane levels, the cross-tropopause flux of ozone, column ozone, and temperature. We conduct a series of sensitivity studies that examine the effects of each of these factors in isolation, placing particular emphasis on the consequences for the vertical structure and longitudinal variability of ozone. The results from two global CTMs are presented: one driven by assimilated meteorological winds from GEOS and one driven by winds from the GISS GCM. Differences between the two models highlight potentially important factors not directly taken into account in this study, including wind patterns, cloud cover, and the modeling of vertical transport.
[7] Descriptions of the models used in this study are given in section 2. In section 3, an overview of the modeled tracer distributions is provided. Section 4 discusses the influence of anthropogenic emissions on ozone, and section 5 discusses the influence of the cross-tropopause ozone flux. The effect of increases in ultraviolet (UV) radiation due to stratospheric ozone loss and the effect of apparent trends in tropospheric temperatures are examined in sections 6 and 7, respectively. In section 8, the combined effects of all these factors are compared to observations from 1970 to 1995. Finally, the results are discussed in section 9.
Description of Models
[8] This study is carried out primarily with the GEOS-CHEM model, a global model of tropospheric chemistry driven by assimilated meteorological data from the Goddard Earth Observing System (GEOS) of the NASA Data Assimilation Office (DAO) [Schubert et al., 1993] . The original description and evaluation of the GEOS-CHEM model is given by Bey et al. [2001a] . Many of the components in this model have been adapted from the Harvard-GISS CTM [Prather et al., 1987; Wang et al., 1998a] , which is driven by meteorological fields generated by the Goddard Institute for Space Studies (GISS) GCM [Hansen et al., 1983] . In this study we drive the GEOS-CHEM model with the GEOS-1 data set for 1994, given at six-hour intervals and integrated from a 2°Â 2.5°resolution to a 4°Â 5°latitude by longitude grid, with 20 vertical levels ranging from the surface up to 10 hPa. Model integrations are carried forward with an advective time step of 30 min. The model transports 24 chemical tracers to describe tropospheric O 3 -NO x -hydrocarbon chemistry; the actual chemical mechanism includes 80 species and over 150 reactions with oxidation schemes for anthropogenic hydrocarbons and isoprene [see Horowitz et al., 1998; Bey et al., 2001a] . The GEOS-CHEM model is run with the same dynamics in all scenarios, using winds for 1994, as in Bey et al. [2001a] . This study uses Version 4.2 of the GEOS-CHEM model. (See http://www-as.harvard.edu/ chemistry/trop/geos/index.html for details.)
[9] Results from the Harvard-GISS CTM are also presented in this study for comparison. Although the chemical modules used by the models are largely identical, there are significant differences in the treatment of dynamics, radiative transfer, and boundary conditions. The Harvard-GISS CTM is driven by one year of wind fields from the NASA-GISS GCM for all model scenarios. These winds have the same horizontal resolution as the GEOS-1, but have only nine levels in the vertical, seven of which are in the troposphere. As a result, the Harvard-GISS CTM has a coarser vertical resolution than GEOS-CHEM, particularly near the surface, and only two model levels above 100 hPa, whereas GEOS-CHEM levels extend well into the stratosphere. In the calculation of photolysis rates of chemical species, the Harvard-GISS model uses a six-stream radiative transfer code accounting for Rayleigh scattering and reflective layers to simulate clouds [Logan et al., 1981] , while the GEOS-CHEM model makes use of the Fast-J algorithm that also takes into account Mie scattering by clouds. For a more extensive description of these aspects of the Harvard-GISS CTM, see Wang et al. [1998a] .
[10] Anthropogenic emissions of trace gases in both models are determined from emission inventories for 1985 at 1°Â 1°spatial resolution that include NO x emissions from the Global Emission Inventory Activity (GEIA) [Benkovitz et al., 1996] , nonmethane hydrocarbon (NMHC) emissions from Piccot et al. [1992] (modified as described by Wang et al. [1998a] ), and CO emissions described by Duncan et al. [2003] . In order to investigate observed ozone trends using the models, annual emission inventories from 1970 to the present are required. [Marland et al., 2001] . Emissions of CO 2 from CDIAC are given for each country and are partitioned by fuel type: solid (coal), liquid (petroleum), and gas (methane). It is generally understood that different fuels and methods of combustion may lead to widely varying emission rates of trace gases [e.g., Olivier et al., 1996] . Even so, reasonable estimates of anthropogenic emissions may be obtained by applying rather simple scalings to carbon dioxide emissions from fossil fuels partitioned according to fuel type, as provided by the CDIAC data [e.g., Dignon and Hameed, 1989] . In this study, NO x emissions are scaled to total CO 2 emissions from all fuel types, whereas CO and NMHCs are scaled to CO 2 emissions from liquid fossil fuel combustion, the largest anthropogenic source of these gases [EPA, 2000] . The calculated time series of NO x emissions for the major industrial regions are shown in Figure 1 , and the specific regional and global emissions used in the model runs are given in Table 1 , both of which are discussed in greater detail in section 4. Aircraft emissions of NO x , important in the upper troposphere, are scaled according to historical inventories [Baughcum et al., 1996a [Baughcum et al., , 1996b . Increases in tropospheric CH 4 levels are also accounted for in the model simulations, with past mixing ratios taken from historical measurements [Khalil et al., 1989; Etheridge et al., 1992] and recent mixing ratios prescribed according to measurements from the Climate Monitoring Diagnostics Laboratory [Dlugokencky et al., 1995; Climate Monitoring Diagnostics Laboratory (CMDL) , 2000].
[11] The cross-tropopause flux of ozone is specified in the GEOS-CHEM model using a flux boundary condition. Previous studies with the GEOS-CHEM model have shown that specification of climatological ozone distributions in the stratosphere result in modeled cross-tropopause fluxes of ozone that exceed observationally based estimates by a factor of three or four [Bey et Europe and Canada, and OECD [1997] for Japan. For all other countries (and when other data is unavailable), NO x emissions are scaled to total CO 2 emissions, taken from CDIAC [Marland et al., 2001] . because of excessive downward transport. This is an outstanding problem in some other CTMs that rely on assimilated wind fields to drive the circulation Lawrence et al., 1999] . To obtain a more realistic annual cross-tropopause ozone flux, the Synoz (synthetic ozone) method developed by McLinden et al. [2000] has been employed in the GEOS-CHEM model. With this method, ozone is released inside a tropical stratospheric source region (from 30°S to 30°N and from 70 hPa to 10 hPa) at a rate equal to the desired annual cross-tropopause flux. Throughout the rest of the model stratosphere (defined as the region in the model above the annual mean tropopause), ozone is transported as a passive tracer until it enters the troposphere, where it is subjected to photochemical loss and dry deposition. In this study, a flux of 570 Tg O 3 year À1 derived from observations by Olsen et al. [2001] is used for the standard model runs. Stratospheric NO y is prescribed in a similar fashion, with the annual flux across the tropopause set to 0.65 Tg N year À1 and partitioned into NO x and HNO 3 as described by Bey et al. [2001a] . A 5-year initialization of the model stratosphere is performed in order for the losses of ozone in the troposphere (photochemical loss and dry deposition) to reach an equilibrium with the specified stratospheric ozone source. For model scenarios with different cross-tropopause fluxes, separate 5-year initializations are performed. In the Harvard-GISS model, the stratospheric ozone flux is imposed as a fixed boundary condition at 100 hPa, and is computed by multiplying the monthly mean cross-tropopause air mass fluxes for each hemisphere, as estimated by Appenzeller et al. [1996] , with the zonally averaged climatology of ozone mixing ratio at 100 hPa , as described by Wang et al. [1998a] .
[12] Global annual fluxes of ozone across the tropopause (or the 100 hPa level in the Harvard-GISS CTM) in the two models are similar (400 Tg year À1 in the GISS and 570 Tg year À1 in the GEOS), consistent with other models [see Prather and Ehhalt, 2001, Table 4 .12], and in the same range as recent observationally based estimates [Murphy and Fahey, 1994; Gettelman et al., 1997] . Despite having different wind fields, the two models exhibit almost identical hemispheric asymmetries in the flux. In each model, the annual flux of ozone into the Northern Hemisphere (NH) is 44% greater than the flux into the Southern Hemisphere (SH), consistent with measurements of the cross-tropopause fluxes of 7 Be and 210 Pb [Viezee and Singh, 1980; Dibb et al., 1992] . Comparison of the seasonal cycles of the flux in the NH, however, reveals significant differences between the two models, as shown in Figure 2 . The amplitude of the seasonal cycle of the ozone flux in the Harvard-GISS model (dashed line) is much larger than that of the modeled flux in the GEOS-CHEM model (solid line) in both hemispheres. In the NH, the flux of ozone in the Harvard-GISS model remains low throughout much of the fall before rising sharply in the early winter. The NH flux of ozone then remains high throughout the winter and spring. In the GEOS-CHEM model, the seasonal cycle of the ozone flux in the NH is much weaker. As a result, large discrepancies arise between the modeled fluxes in early fall and in late spring. This produces significant differences in modeled tropospheric ozone, as will be discussed below. Preliminary calculations of the ozone flux derived from wind fields from NCEP reanalyses and the vertical gradient of ozone near the tropopause from ozonesondes, suggest that the actual seasonal cycle may lie somewhere in between these two model simulations (dotted line) (A. C. Fusco, unpublished data, 1970 Fusco, unpublished data, -2000 .
Standard Model Simulations of NO x and Ozone
[13] We present here model simulations of tropospheric NO x and O 3 , as calculated by the Harvard-GISS and GEOS- 
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CHEM CTMs. Detailed evaluations of both models using field observations of O 3 , CO, NO, PAN, HNO 3 , H 2 O 2 , and NMHCs may be found in the work of Wang et al. [1998b] and Bey et al. [2001a] . Results here are taken from model runs performed for the ''standard 1994'' scenario, in which 1994 conditions are simulated for emissions, methane levels, cross-tropopause flux, column ozone and temperature. Each model was initialized for a three month period prior to running the model simulations. In subsequent sections, additional model runs will be presented that test the sensitivity of ozone to departures from the standard 1994 model scenario. Specific parameter settings for the standard 1994 runs, along with those of other model runs discussed later, are provided in Table 2 .
NO x
[14] The zonal mean distribution of tropospheric NO x as calculated by the GEOS-CHEM model (NO x = NO + NO 2 + NO 3 + HNO 2 ) for 1994 is shown in Figure 3 (left panels). In winter, NO x mixing ratios at northern midlatitudes in excess of 200 ppt are confined to the boundary layer. NO x mixing ratios over 100 ppt in the upper tropical troposphere result from vigorous convective transport of air from the boundary layer and from lightning. In summer, active convection at northern midlatitudes transports significantly more NO x into the free troposphere than in winter, leading to NO x levels in excess of 100 ppt throughout most of the upper troposphere, consistent with results from the Harvard-GISS CTM Wang et al., 1998b] and with the limited observational record [Bradshaw et al., 2000] . In each case, regions of elevated NO x are found to be correlated with the regions of greatest ozone production. Midlatitude NO x distributions are also shown as a function of longitude in Figure 3 (right panels), averaged from 30°N to 60°N. The three distinct maxima in the boundary layer are collocated with the three largest industrialized regions in the Northern Hemisphere. In the free troposphere, the NO x distribution is relatively uniform as a function of longitude, although enhanced NO x due to convective activity over eastern Asia is evident in both summer and winter.
Ozone
[15] Ozone mixing ratios calculated by both models for the ''standard 1994'' scenario are compared with climatological monthly mean ozone mixing ratios from ozonesonde measurements at 800 hPa and at 500 hPa in Figures 4a and 4b , respectively. Both the Harvard-GISS and the GEOS-CHEM models simulate the spring maximum in ozone over remote locations such as Goose Bay and Edmonton at 800 mb. However, the GEOS-CHEM model compares less favorably to observations than does the Harvard-GISS model in reproducing the broad summer maxima seen at 500 mb over northern midlatitudes. In particular, the amplitude of the seasonal cycle for ozone in the GEOS-CHEM model is significantly weaker than observed. While there is reasonable agreement between modeled and observed ozone during the summer months, modeled ozone levels do not fall off rapidly enough in the autumn, resulting in predicted ozone levels up to 5 -10 ppb higher than are actually observed in winter. This discrepancy appears to stem from the lack of a strong seasonal cycle in the cross-tropopause flux in the GEOS-CHEM model. The Standard 1994 570 1991 1985 Missions 1985 1985 1985 " " " 1970 Missions 1970 1970 1970 China 1970 f 1970 1970 " " " 1970 Aircraft 1994 1970 " " " 1970 CO-NMHC 1970 g 1994 " " " 1970 CH4 1994 1970 The 1970 aircraft emissions scaled to NASA inventories [Baughcum et al., 1996a [Baughcum et al., , 1996b . 
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ACH Harvard-GISS model, on the other hand, has a much stronger annual cycle in the cross-tropopause flux (cf. Figure 2 ), and it accurately reproduces the seasonal cycle of ozone at midlatitudes. Peak mixing ratios occur from April to June in the GEOS-CHEM model at many locations, 1 -2 months earlier than the observed summer maximum at northern midlatitudes. This is not unique to the GEOS-CHEM model, but is seen in other 3-D tropospheric models with similar resolution [cf. Muller and Brasseur, 1995; Hauglustaine et al., 1998; Lelieveld and Dentener, 2000] . The reason for this discrepancy is not yet clear. Until this issue is adequately resolved, some uncertainty will accompany any assessment of the tropospheric ozone budget.
[16] Unlike the Harvard-GISS model, the GEOS-CHEM model is able to simulate some of the idiosyncracies seen at certain stations, e.g., the summer minimum at Naha. In this case, local meteorology is responsible for the observed behavior. The Harvard-GISS model fails to reproduce the seasonal cycle in ozone over Japan from June through September because it does not simulate the Asian summer monsoon well [Wang et al., 1998b] . The GEOS-CHEM model, on the other hand, is driven by assimilated wind fields that capture the summer monsoon, which replaces the polluted continental outflow with cleaner air from the Pacific. More realistic dynamical forcing may also be responsible for significant improvements in the GEOS-CHEM simulation of ozone in the tropics, most notably at Hilo, Natal, and Ascension Island at 500 hPa.
[17] Figure 5 (left panels) illustrates the zonally averaged lifetime (with respect to photochemical loss) of the odd oxygen family (O x = O 3 + O + NO 2 + 2NO 3 + HNO 4 + 3N 2 O 5 + PAN + HNO 3 ), as calculated by the GEOS-CHEM model for the standard 1994 scenario. While photochemical loss of odd oxygen remains quite weak in the upper troposphere, it varies substantially over the course of the year below 500 hPa at midlatitudes, ranging from several months in winter to less than a week in the summer and in the tropics. Photochemical lifetimes differ greatly from residence lifetimes, however: In the troposphere, the overturning of air brings ozone down from the upper troposphere into regions of relatively high photochemical loss, resulting in average residence lifetimes for ozone that are far shorter than the photochemical lifetime of ozone in the upper troposphere.
[18] The zonally averaged net production rates for O x species are also shown in Figure 5 (right panels). The model predicts two important regions for the net production of odd oxygen: one in the continental boundary layer at midlatitudes directly related to surface NO x and hydrocarbon emissions, the other in the tropical upper troposphere related to solar insolation, lightning, and the convection of surface emissions aloft. A broad region of weak loss is also calculated by the model just above the boundary layer, which is similar to results from the Harvard-GISS model [Wang et al., 1998b] , as well as other CTMs [Hauglustaine et al., 1998; Crutzen et al., 1999] . The GEOS-CHEM model yields a net in situ production of ozone of 480 Tg year À1 for the troposphere, the difference between the chemical source of 4870 Tg year À1 and the chemical sink of 4390 Tg year À1 . Although these absolute production and loss rates are somewhat larger than are found in other CTMs, the net production rate here is comparable [see Prather and Ehhalt, 2001, Table 4 .12], reflecting a general uniformity in model assumptions regarding the magnitude of the cross-tropopause flux of ozone and ozone deposition at the surface [Hauglustaine et al., 1998; Wang et al., 1998b] . Crutzen et al. [1999] , on the other hand, calculate a net photochemical loss, but this is a direct result of model compensation for the unusually high ozone flux from the stratosphere in their model of 1440 Tg year
À1
, and is likely incorrect. Nevertheless, this illustrates how uncertainties in the cross-tropopause flux can affect the modeled strength of the net tropospheric source of ozone. The complete global budgets of O x from the ''standard 1994'' and the ''1970 emissions'' GEOS-CHEM model runs are presented in Table 3 .
Sensitivity of Ozone to Anthropogenic Emissions
[19] Emissions of NO x , CO, NMHCs, and CH 4 from the combustion of coal and oil and from the leakage of natural gas constitute the largest sources of ozone precursors in the Northern Hemisphere troposphere. Since 1970, increasing anthropogenic emissions are thought to have had the greatest influence on ozone trends. NO x emissions are of particular concern, as ozone production is NO x -limited in much of the atmosphere [Sillman et al., 1990; Chameides et al., 1992; Jacob et al., 1993; Sillman and Samson, 1995] . Global emissions of anthropogenic NO x now exceed all other NO x emissions combined, accounting for more than half of the estimated total 45 Tg N emitted by all sources as of 1994 (see Table 1 ). Figure 1 illustrates the changes in regional emissions of anthropogenic NO x over the past 50 years. After a fairly rapid and uniform increase in emissions from 1950 to 1970 in each of the three major industrialized regions of the globe (North America, Western Europe and eastern Asia) emission trends have since diverged, primarily due to regulations imposed on emissions by developed nations to improve air quality and to mitigate the acid rain problem. After 1970, the growth rate in anthropogenic NO x emissions from North America slowed from 3% year À1 to just 1% year
À1
, and since 1980, emissions from North America have held steady. In Western Europe, emissions increase at a rate of 3% year À1 until 1980, , resulting in a doubling of emissions from 1970 to 1995. Even though emissions from Japan have decreased, largely unregulated emissions from China have more than compensated for this and are now the predominant source of NO x in the region.
[20] Model runs are performed for various scenarios to evaluate the sensitivity of ozone to changes in anthropogenic emissions. First, we examine the effects of changes in the emissions of all trace gases from fossil fuels between 1970 and 1994 by comparing results from model runs with simulated emissions and methane concentrations for 1970, 1985, and 1994 (see Table 2 ). These simulations were used to study both global and regional changes in NO x and O 3 . The simulation for 1985 was performed specifically to investigate observed changes in the ozone time series over Europe, which showed an increase up to the mid 1980s. Next, we quantify how changes in the emissions of individual pollutants may have affected ozone by performing a sequence of model simulations in which the emission or concentration of the various pollutants are altered, one at a time. Specifically, we examine model scenarios in which NO x emissions from aircraft, anthropogenic CO and NMHC emissions, and ambient CH 4 concentrations are reduced to their 1970 levels, and we compare the results of each of these models with results from the standard 1994 model. [21] Figure 6 illustrates the change in tropospheric NO x resulting from changes in the anthropogenic emission of all species from 1970 to 1994. This is calculated from the standard 1970 and standard 1994 simulations with the GEOS-CHEM model (cf. Table 2 ). Increases of NO x in excess of 10 ppt are largely confined to northern midlatitudes, as shown in Figure 6 (left panels). Within this region, the modeled increase in NO x and in NO y loading is substantial. From 1970 to 1994, an additional 12 Gg of NO x and 87 Gg total NO y (in Gg N) is added to the tropospheric burden at northern midlatitudes, an increase of 20% and 18%, respectively. Increases from eastern Asia are the most significant, as indicated in Figure 6 (right panels). Indeed, strong convection in eastern Asia in the summer may allow increases from this region to have a greater impact on NO x and NO y levels at midlatitudes than comparable emission increases elsewhere [cf. Horowitz and Jacob, 1999 ]. An additional GEOS-CHEM model comparison in which only fossil fuel emissions from China were varied was performed to investigate this (cf. Table 2 ): zonally averaged changes (left panels) and longitudinal cross-section changes (right panels) at midlatitudes (30 -60°N). Units in ppt.
for 30% of the increase in NO x loading at northern midlatitudes, and 40% of the increase in NO y loading. In the upper troposphere (above 500 hPa), more than 50% of the modeled increase in NO y loading is related to Chinese emissions, and is concentrated over eastern Asia. Export of NO y beyond eastern Asia appears limited by high levels of sulfate aerosols that promote the conversion of NO y to HNO 3 , which can be removed from the atmosphere via wet deposition [Bey et al., 2001b] . 4.1.2. Ozone Concentrations 4.1.2.1. Modeled Changes
[22] Zonally averaged changes in tropospheric ozone caused by changes in anthropogenic emissions from 1970 to 1994 somewhat resemble the changes in NO x concentrations, and are shown in Figure 7 (left panels). As with NO x , the largest increases of ozone (greater than 5 ppb) are observed in the Northern Hemisphere during summer. Active convection in the summer months allows for increased venting of pollutants from the boundary layer, resulting in larger increases of ozone in the free troposphere. Unlike the NO x distribution, the largest changes in ozone are seen in the upper troposphere. Similar results were found for ozone increases computed for 2100 by several CTMs [see Prather and Ehhalt, 2001, Figure 4.12] . Increased ozone levels also stem from a marked increase in the production rate of O x from the reaction of NO with peroxy radicals during the summer months. This production is only partially offset by increased losses due to reaction of ozone with HO x radicals [cf. Penkett et al., 1998 ]. Increases in midlatitude ozone are also plotted as a function of longitude in Figure 7 (right panels). The large increase in ozone over the convectively active eastern Asian coast in the summer is suggestive of the influence that ozone production over Asia may have on ozone levels across northern midlatitudes. Globally, the annually averaged modeled tropospheric loading of O 3 increases by 30 Tg, from 288 Tg in 1970 to 318 Tg in 1994 (Table 2) . This stems from a 120 Tg year À1 increase in the net photochemical source of ozone, which climbs from 360 Tg to 480 Tg year À1 (Table 2) . Given the increase in anthropogenic NO x emissions of approximately 10 Tg since 1970 (Table 1) , this implies a net ozone production efficiency of 3.6 O 3 molecules per molecule of NO x emitted, similar to observationally based estimates from surface-level data [Trainer et al., 1993; Sillman, 1999] . Inside the boundary layer, the fractional increase in modeled ozone appears to be roughly 40% of the increase in NO x emissions (e.g., a 50% increase in NO x emissions leads to a 20% increase in ozone concentrations.) This is greater than earlier model estimates for rural ozone over the U.S. [McKeen et al., 1991; Jacob et al., 1993] .
[23] Figure 8 shows the modeled increase in O 3 resulting from the increase in anthropogenic emissions of NO x , CO and NMHCs from China from 1970 to 1994 levels; note that CH 4 concentrations were held fixed. Averaged across midlatitudes, these increases in ozone constitute 30% of the total modeled increase in ozone resulting from the global increase in emissions from 1970 to 1994 (cf. Figure 7) . The largest increases in ozone are situated over eastern Asia, where increasing Chinese emissions account for more than half of the total increase in ozone modeled in this region. Increases in ozone are not confined to Asia, however: The model indicates that higher Chinese emissions are responsible for one-third of the modeled ozone increase in the free troposphere over North America, and for about one fifth of the increase over Europe from 1970 to 1994. These results are consistent with previous work using the GEOS-CHEM model, which indicates that the outflow of ozone from Asia is twice as large as the outflow of ozone from North America in the spring Bey et al., 2001b; Wild and Akimoto, 2001] .
Comparison of Modeled and Observed Changes
[24] Figure 9 shows the observed changes in the ozone profiles for stations in Canada, Europe and Japan (dashed lines). The changes are defined as the differences in the monthly means between 1969 -1971 and 1993 -1995: three-year preclude reliable calculations of the ozone change below 800 hPa. The observed increase in ozone over Hohenpeissenberg (Germany) is as large as that over Sapporo, and extends to higher altitudes in winter. In contrast, ozone over Goose Bay (Canada) has actually declined, as has ozone over other Canadian stations . At U. S. stations for which data are lacking or sparse in the early 1970s, little change in tropospheric ozone has been observed since the records began [Logan, 1994; .
[25] Calculated changes in ozone due to changes in emissions from 1970 to 1985 are shown for the Harvard-GISS model (dot-dash line) and for the GEOS-CHEM model (thin solid line). Increases in ozone of 4 -6% are calculated by the Harvard-GISS model for all seasons at northern midlatitudes. The increases exhibit little longitudinal variability and only a weak vertical gradient, unlike the observed ozone trends, which show considerable variability with respect to both longitude and altitude. (In the tropics and at southern midlatitudes, small increases of 1 -2% are predicted by the model, again with little vertical gradient.) In contrast, ozone increases between 1970 and 1985 as calculated by the GEOS-CHEM model capture a significantly greater fraction of the observed ozone changes over the entire period from 1970 to 1994, although this model also indicates a longitudinal variability weaker than is observed. Over eastern Canada, GEOS-CHEM predicts an ozone increase of 8 -10% throughout the year, at odds with the decreases in observed ozone. Over Europe, a slightly larger increase in free tropospheric ozone of 10 -12% is calculated for most of the year, and an even larger increase of 20-25% in the boundary layer in spring and summer. This is consistent with an increase in NO x emissions from this region that peaked in the mid 1980s, and matches the observed changes in boundary layer ozone during spring and summer fairly well. In the autumn and winter, however, modeled increases in ozone are less than observed increases both in the boundary layer and in the free troposphere. We attribute the larger increases in ozone predicted by this model to the Fast-J radiative transfer scheme, which slightly increased photolysis rates, and to the increased vertical resolution in the GEOS-CHEM model [Bey et al., 2001a] . In the Harvard-GISS model, limited vertical resolution near the surface makes it difficult to resolve the boundary layer [Wang et al., 1998c] . Increased resolution with the GEOS-CHEM model allows higher concentrations of pollutants to be maintained near source regions, thereby increasing the ozone production [Sillman, 1999] . Over Japan, which is subject to pollution episodes from China and Korea [Akimoto and Narita, 1996] , modeled increases in ozone from 1970 to 1985 in the spring and summer approach the observed increases from 1970 to 1994, which range from 20% to 30%. Modeled increases in ozone in the fall and winter are much less than observations, however.
[26] Calculated increases in ozone from 1970 to 1994 are shown only for the GEOS-CHEM model (thick solid line). Between 1985 to 1994, emissions from North America increased only slightly, and Western European emissions did not increase at all; we attribute the increases in modeled ozone largely to rising Asian emissions, and to a lesser extent, CH 4 . Over Western Europe, modeled ozone inside the boundary layer is actually lower in the 1994 run than in the 1985 run, consistent with regional declines in NO x emissions and tracking quite well with observed declines in ozone during this time period, particularly over Hohenpeissenberg [Oltmans et al., 1998; . Above the boundary layer, modeled ozone for 1994 continues to increase relative to 1985 levels, again primarily the result of steadily increasing emission of NO x worldwide (from 21 Tg to 24 Tg N year À1 ). Modeled ozone over eastern Asia, as expected, continues to increase in the summer (although at a slower rate) as it did from 1970 to 1985, as emissions from China continued to increase rapidly after 1985. Calculated increases in ozone in the lower troposphere over Japan range from 8 -10% in winter to more than 20% in summer, but are still somewhat smaller than the observed increases. Modeled increases in ozone across northern midlatitudes have a greater degree of variability than is indicated by these three stations alone, as is shown in Figure 10 . The largest increases predicted by GEOS-CHEM from 1970 to 1994 occur over China, with increases ranging from 20% in winter to well over 50% in summer. Long-term observational records of ozone over China are lacking, however, so the accuracy of these modeled increases cannot be verified.
[27] The seasonal cycles of modeled ozone from the standard 1970 and 1994 GEOS-CHEM simulations (dotted and solid lines, respectively) are compared to observations at selected locations in Figure 11 . Also shown in Figure 11 is the seasonal increase in ozone between 1970 and 1994 as predicted by the model (solid line), in order to highlight the sensitivity of the modeled seasonal cycle to changes in anthropogenic emissions. Increasing emissions exert the strongest influence on ozone in summer at Hohenpeissenberg, and in the spring and fall at Kagoshima. At the Canadian stations, less seasonality is evident. Between 1970 and 1994, an increase of 6 -8 ppb of ozone is predicted in the summer at Hohenpeissenberg, typical of many northern midlatitude stations, but an increase of only 3 -4 ppb in winter, indicating that the fingerprint of the anthropogenic influence on ozone trends is most noticeable in the summer months. Trend analyses of the ozonesonde record indicate similar results [Logan, 1994; . These results are consistent with previous work that showed the seasonal cycle of ozone to be most sensitive to changes in emissions during the summer near polluted regions, and during the spring at remote locations downwind of source regions [Wang et al., 1998c; Liu et al., 2002] .
[28] Lelieveld and Dentener [2000] and Karlsdottir et al. [2000] also experienced difficulty in reproducing observed trends in lower tropospheric ozone. Their analyses extended back only to 1979, however, and observed ozone trends since then have been relatively modest. Indeed, linear trends in observed ozone since 1980 are statistically significant at only a handful of stations at northern midlatitudes . Still, both of those studies carried out model integrations for 15 years, so the effects of interannual variability and trends in anthropogenic emissions could be assessed: at Hohenpeissenberg, for example, observed ozone increased from the 1970s to the late 1980s, and then decreased from the late 1980s to the mid 1990s. This is consistent with variations in NO x emissions over Western Europe, and is reproduced by the GEOS-CHEM model, as described above. In the work of Karlsdottir et al. [2000] , however, no such variation in ozone is evident at Hohenpeissenberg in their results, even though they use roughly the same inputs for anthropogenic emissions that are used in GEOS-CHEM. In the work of Lelieveld and Dentener [2000] , their model also fails to capture the interannual variability in the observed record, despite being driven by ECMWF assimilated winds. In their model, however, anthropogenic emissions are scaled to trends in fossil fuel use, which would imply a monotonic increase in NO x inconsistent with published emission inventories for Europe and the U.S.
Sensitivity to NO x Emissions From Aircraft
[29] There is some concern that aircraft emissions could influence local chemistry in the upper troposphere, where most of these emissions are released, and this issue has been the subject of recent assessments [IPCC, 1999] . Global emissions of NO x from aircraft are small compared with surface NO x emissions and with the production of NO x from lightning (cf . Table 1 ). However, most of the NO x emitted at the surface does not escape the boundary layer, and much of the lightning NO x is created in the tropics, and so in situ aircraft emissions may provide a significant source of NO x in the free troposphere at northern midlatitudes. To determine the influence that aircraft emissions have had on ozone since 1970, a model run was performed with the GEOS-CHEM model with 1994 emissions except for the aircraft NO x source, which was reset to 1970 levels (see Table 2 ). Following estimates from Henderson and Wickrama [1999] , global NO x emissions from aircraft in the model were reduced to 0.16 Tg year À1 for 1970, down from 0.50 Tg year À1 for 1994. Compared with the standard 1994 scenario, model results indicate that increases in aircraft emissions since 1970 have had only a modest influence on ozone levels in the upper troposphere, limited to a 5% increase inside the Mid-Atlantic aircraft corridor, and considerably less elsewhere (about 1%). Karlsdottir et al. [2000] produce similar results, with the calculated tropospheric ozone burden rising less than 1% globally due to increasing aircraft NO x from 1980 to 1996.
Sensitivity to NMHC and CO Emissions
[30] Along with increasing NO x emissions, rising emissions of CO and nonmethane hydrocarbons (NMHCs) are likely to have contributed somewhat to observed trends in tropospheric ozone. Increases in total global emissions of CO and NMHCs have probably not exceeded 10% since 1970 (cf. Table 1), as substantial decreases in emissions from regulated countries have been largely offset by increases in emissions from the developing world. Sensitivity studies were performed with the Harvard-GISS and the GEOS-CHEM models in which the standard 1994 run was compared with model runs with CO and NMHCs emissions reduced to 1970 levels (cf. Table 2 ). Model comparisons indicate that increases in anthropogenic emissions of CO and NMHCs since 1970 have had a negligible impact on tropospheric ozone (less than a 0.5 ppb increase), even in polluted regions of the globe during the summer (not shown). Although the GEOS-CHEM model, with its improved vertical resolution, should be more sensitive to changes in hydrocarbon emissions inside the boundary layer, model studies with reduced CO and NMHCs indicate that anthropogenic trends in CO and NMHC emissions rarely account for even localized increases in ozone in excess of 1 ppb. It should be noted, however, that because of the coarse horizontal resolution of these models, urban conditions with exceedingly high concentrations of volatile organic compounds (so-called VOC-limited environments) cannot be reproduced by the models used here.
Sensitivity to Rising CH 4 Levels
[31] The increase in tropospheric CH 4 since 1970 has been substantial, with mixing ratios rising from 1.35 ppm in 1970 [Khalil et al., 1989; Etheridge et al., 1992 ] to 1.70 ppm in 1995 [Climate Monitoring Diagnostics Laboratory, 2000] . Methane oxidation provides a source of HO x radicals, which play an important role in the production of O 3 [Logan et al., 1981] . Since methane is a long-lived species, its influence on tropospheric ozone production is global. Figure 12 shows the zonally averaged increase in ozone due to increasing methane, the difference between the standard 1994 scenario using the GEOS-CHEM model and a similar run in which methane levels were reduced to 1970 levels (cf. Table 2 ). Unlike the increases in ozone that result when NO x is increased along with CO and VOCs (cf. Figure 7) , little spatial variability is evident here. The increase in CH 4 alone gives rise to a globally averaged increase in ozone of 1.5 ppb, as compared to an increase in ozone of 6.1 ppb that results from the changes in all anthropogenic emissions from 1970 to 1994. At northern midlatitudes, where the source of O 3 precursors from fossil fuel combustion is highest, less than 20% of the increase in ozone since 1970 can be attributed to the increase in methane alone.
Sensitivity to Cross-Tropopause Flux of Ozone
Fraction of Ozone Ascribed to Stratospheric Source
[32] To evaluate the importance of the stratospheric source in the model, we compare tropospheric ozone from the standard 1994 GEOS-CHEM simulation with ozone from a ''zero flux'' run, in which the source of ozone from the stratosphere is omitted (cf. Table 2.) Figure 13 shows the zonally averaged difference in the ozone distribution between the two simulations, for January and July. Although ozone chemistry is nonlinear with respect to such large perturbations, the difference in ozone between these simu- lations is indicative of the amount of tropospheric ozone of stratospheric origin. The influence of the stratospheric source is largest in the upper troposphere at middle and high latitudes, where ozone fluxes are largest and the lifetime of ozone with respect to loss to HO x radicals is the longest. Just below the midlatitude tropopause, ozone levels in the zero flux run are between 20-50 ppb lower than in the standard 1994 run, a decrease from normal ozone levels of 30% in summer and 50% in winter. The influence of the stratospheric flux weakens considerably toward the surface. In January, differences in ozone of only 4 to 6 ppb (or 15-20%) are calculated near the surface at northern midlatitudes. The Harvard-GISS model shows similar sensitivity to the stratospheric source. Other models, however, indicate a much larger role than is predicted by either the Harvard-GISS or GEOS-CHEM models. In a tagged tracer simulation, Lelieveld and Dentener [2000] , using a cross-tropopause flux of 565 Tg year À1 in their model, found that the fraction of ozone of stratospheric origin at 700 hPa at northern midlatitudes in the winter and spring ranged from 30 to 50%, and Crutzen et al. [1999] found that a 90% reduction in the modeled stratospheric flux reduced midlatitude ozone at the surface by more than 40% in winter, but their standard model had a much larger cross-tropopause flux of 1440 Tg year À1 .
[33] The influence of ozone from the stratosphere is significantly weaker in the summer months in the GEOS-CHEM model: In July, only about 1 ppb of surface ozone is attributed to the stratospheric source. However, estimate that slightly more than 10% of midlatitude surface ozone in summer is of stratospheric origin, while Lelieveld and Dentener [2000] put this figure between 5 and 10%. Clearly, the higher flux used by Crutzen et al. [1999] explains why the stratospheric source has a higher influence on the troposphere than in the GEOS-CHEM model. It should be noted that Lelieveld and Dentener [2000] include as stratospheric ozone any tropospheric ozone that passes through the lowermost stratosphere along isentropic surfaces at midlatitudes before returning to the troposphere. As a result, this method of source attribution may explain why the stratospheric source exerted more influence on tropospheric ozone in the work of Lelieveld and Dentener [2000] than in our models.
[34] The influence that the stratospheric flux of ozone has on the seasonal cycle of tropospheric ozone is illustrated in Figure 14 . As discussed in section 3, midlatitude ozone concentrations simulated by the GEOS-CHEM model are too high in winter, and peak one month earlier than observations. An excessive cross-tropopause flux throughout the fall (cf. Figure 2) is the most likely cause for the discrepancy in winter. These results indicate probable shortcomings in the vertical motions associated with the GEOS-1 assimilated wind fields. The model run that neglects the stratospheric source (dotted line) reproduces the seasonal cycle more closely than the run that includes the stratospheric source, particularly in the fall and winter. On the other hand, ozone values in that simulation are systematically low at higher altitudes (not shown), underscoring the importance of the stratospheric source throughout the year. The Harvard-GISS CTM, which uses observationally based ozone fluxes prescribed at the top of this model, (cf. Figure 2) , reproduces the seasonal cycle of ozone throughout the NH rather well [Wang et al., 1998c] .
Sensitivity to Stratospheric Ozone Flux
[35] It is possible that long-term variations in the crosstropopause flux of ozone have contributed to trends in tropospheric ozone. Analyses of ground-based and satellite measurements show that the ozone column values in the mid 1990s were about 6% lower than values before 1980 in winter and spring at northern midlatitudes, and about 3 -4% lower in the summer and fall [Fioletov et al., 2002] . Most of the decline in the ozone column occurred in the lower stratosphere, with annual mean trends of À7% per decade at 200 hPa from 1970 to 1996, and trends in spring of À8 to À15% per decade Randel et al., 1999] . Expressed in absolute terms, such trends indicate decreases in lower stratospheric ozone that range from 20% to 35% from 1970 to 1996. Indeed, a comparison of ozone profiles of the early 1970s and the mid 1990s shows that ozone in the lowermost stratosphere has decreased by about 25% in winter and about 30% in spring (J. A. Logan, unpublished data, 1970 Logan, unpublished data, -1996 . These decreases coincide with the seasonal maximum in stratospheric-tropospheric exchange [Appenzeller et al., 1996] . It appears that the cross-tropopause ozone flux might have decreased by as much as 30% since 1970, assuming no trend in the air-mass flux across the tropopause. Estimates of the air mass flux across 100 hPa derived from UARS data show some interannual variability, but no trend, since 1991 (K. H. Rosenlof, personal communication, 2001 ).
[36] The sensitivity of tropospheric ozone to changes in the cross-tropopause flux of ±30% in the GEOS-CHEM model is shown in Figure 15 and compared to observed changes from 1970 to 1995. For the Harvard-GISS model, the sensitivity to a 50% reduction in the annual flux, from 400 Tg to 200 Tg, is also shown. Modeled changes in ozone are largest near the tropopause and smallest near the surface. Ozone concentrations in the GEOS-CHEM model along the tropopause increase (decrease) by less than 30%, since a flux boundary condition is used to specify the cross-tropopause flux of ozone. In the case of increased ozone, for example, steeper gradients across the tropopause enhance the downward component of the flux more than the upward component. Thus a 20 -25% increase in ozone at the tropopause and a steeper ozone gradient come together to produce a 30% increase in the cross-tropopause ozone flux. Well above the tropopause, however, the increase in modeled ozone indeed asymptotically approaches 30%, as may be seen in Figure 15 . Changes calculated by both models are similar, although a stronger seasonal cycle is evident in the Harvard-GISS model. This is consistent with the strong seasonality in the cross-tropopause flux specified in that model (cf. Figure 2) . The influence on ozone in the lower troposphere in summer and fall in both models is small. The comparison of observed and modeled changes in the ozone profiles is generally poor (as expected), yet there are some similarities in their vertical structures. The tendency of modeled declines in tropospheric ozone to become more pronounced with increasing altitude bears some resemblance to the observed profiles, suggesting that changes in the flux of ozone may have a significant impact on ozone in the middle and upper troposphere at midlatitudes. Lelieveld and Dentener [2000] calculate decreases in ozone from 1979 to 1993 at 200 hPa in excess of 20%, apparently due to prescribed declines in stratospheric ozone and consistent with our estimates of the decrease in the cross-tropopause flux. Karlsdottir et al. [2000] also assume a decreasing cross-tropopause flux, but scale these decreases only to the modest decline in the TOMS total ozone column from 1979 to 1993. As a result, they find reductions in tropospheric ozone of only 3-5%, a much weaker response than shown by the results presented here.
Declines in Tropospheric Ozone Following Mt. Pinatubo Eruption
[37] The ozone column reached record low values in early 1993 after the eruption of Mt. Pinatubo in June, 1991, and profile measurements show that ozone in the lower stratosphere was 20-40% lower than in the late 1980s [Kerr and McElroy, 1993; Hofmann and Oltmans, 1993] These declines have been attributed to increased heterogeneous loss of ozone on sulfate aerosols in the lower stratosphere [Fahey et al., 1993; Hofmann et al., 1994] . Substantial declines in ozone following the eruption were also observed throughout the troposphere, as shown in Figure 16 , which compares the average seasonal ozone profiles before and after the Mt. Pinatubo eruption (1985 -1990 versus 1992 -1993) . The magnitude of the observed declines typically grows larger with altitude, characteristic of the modeled response to a reduced stratospheric ozone source (cf. Figure 15 ). Unlike the model, however, observed tropospheric ozone decreases in the spring do not recover fully in the summer and fall. These declines in ozone are statistically significant; the 1992 -1993 mean ozone profiles lie more than one standard deviation from the 1985 -1990 mean throughout the year at Edmonton and at Hohenpeissenberg, though not at Sapporo. At Hohenpeissenberg, ozone near the tropopause decreased by 25% in the winter and spring, and by 15% in the fall. In the lower troposphere, declines of 15% were observed in the winter and spring, and declines of 8% were observed in the fall. We contrast this with GEOS-CHEM model results, which indicate that a 30% reduction in the cross-tropospheric flux of ozone would result in a reduction in surface level ozone of 4 -6% in the spring but only 1 -2% in the fall (cf. Figure 15) .
[38] It is unclear if the reductions in tropospheric ozone in 1992 and 1993 are due to a large reduction in the stratospheric flux. It is quite possible that changes in meteorology, emissions, or solar radiation could be responsible for the anomalously low tropospheric ozone following the Mt. Pinatubo eruption. Investigation of the observational record, however, indicates that temperatures, wind direction, and cloud cover did not change significantly in the years following the eruption at these ozonesonde stations. Nevertheless, it cannot be ruled out that dynamical changes contributed to the change in tropospheric ozone. Another explanation for the decline may be anthropogenic in origin: In the four years following the collapse of the Soviet Union in 1991, emissions from the former Soviet republics declined by almost 30% [Marland et al., 2001] . By itself, this decline might have had a significant impact on photochemical ozone production at midlatitudes, but its effects are likely to have been mitigated by increases in eastern Asia over the same time period. Examination of the change in ozone from the 1985 emissions simulation to the standard 1994 simulation with the GEOS-CHEM model reveals a 5-10% decrease in surface ozone over Russia in winter and a more uniform 5% decrease in surface ozone across Europe and Russia in summer, but no decreases elsewhere (not shown).
[39] There is some evidence that elevated levels of stratospheric aerosols following the eruption may have temporarily reduced the total irradiance reaching the troposphere, perhaps by as much as 4% according to some observations [Blumenthaler and Ambach, 1994] . This may in turn have altered the radiative balance of the troposphere enough to have reduced the net in situ chemical production of ozone in the years following the eruption. However, Rosen et al. [1994] calculated a decay rate for Mt. Pinatubo aerosol of approximately 10-12 months, indicating that aerosolinduced scattering alone could not have significantly affected the actinic flux of the troposphere for more than one year after the eruption in 1991, whereas lower tropospheric ozone was recorded for a couple of years. The 1970 to 1995 (difference between 1969 -1971 and 1993-1995 means) at Goose Bay, Hohenpeissenberg, and Sapporo. Observed changes in the ozone profile are shown by the dashed lines, with horizontal dotted lines indicating one standard deviation from the mean at selected pressures. The Harvard-GISS modeled change due to a 50% reduction in the flux is shown by a dotted line. The GEOS-CHEM modeled change due to a 30% decrease in the flux is shown by the thick solid line, and the modeled change due to a 30% increase is shown by the thin solid line. The horizontal line is the mean tropopause height for the station.
observed declines in tropospheric ozone in the years following the eruption of Mt. Pinatubo are not clearly understood, and warrant further investigation.
Ultraviolet Radiation
[40] The decline in the stratospheric ozone column from 1970 to 1995 may have influenced tropospheric ozone in two ways: directly through a reduction in the cross-tropopause flux of ozone into the troposphere, and indirectly through an increase in the solar ultraviolet (UV) radiation reaching the troposphere. An increase in UV radiation leads to an increase in O 3 photolysis, with a potential impact on both photochemical production and loss of ozone. We investigate the influence of declining stratospheric ozone by comparing results from two model integrations, one performed with TOMS total ozone data averaged for 1991-1993 (the standard 1994 run), and one with TOMS ozone averaged for 1979 -1981 (cf. Table 2 ). The averaging is done to minimize the effects of interannual variations due, for example, to the quasi-biennial oscillation. Most of the decrease in the ozone column has taken place since 1980 [World Meteorological Organization, 1999] . The calculated changes in surface level ozone are shown in Figure 17 . The most pronounced decline occurs in January inside the boundary layer in the Southern Hemisphere, and is in excess of 4% across much of the southern midlatitudes. This reflects the substantial increase in UV radiation reaching the surface at southern midlatitudes following the breakup of Antarctic ozone hole, which became progressively larger throughout the 1980s. Elsewhere, the model indicates tropospheric ozone changes of less than 1%, even at northern midlatitudes in the spring (not shown), when declines in Northern Hemisphere stratospheric ozone have been greatest. These results are in reasonable agreement with similar studies conducted with other models [Fuglestvedt et al., 1994; Madronich and Granier, 1994] . The same test performed with the Harvard-GISS model yields similar results.
[41] Variations in the stratospheric ozone column are not the only factors that might have given rise to significant trends in tropospheric insolation since 1970. Short-term variations of cloud optical depth can induce variations to surface radiation of the same magnitude as seasonal variations in the solar zenith angle [Frederick et al., 1993; Weatherhead et al., 1997] . Increased cloud optical depth can affect O 3 production by reducing visible radiation, thereby reducing NO 2 photolysis. Trends in cloud cover across northern midlatitudes since 1970, however, have been modest [Kaiser, 1998; Sun and Groisman, 2000] . Variations in the tropospheric aerosol loading are also likely to have a significant impact on solar radiation. On the global scale, model-derived estimates of aerosol loading and optical depths indicate a positive trend, although these results are highly uncertain [Tegen et al., 2000] , and so are not considered in this study. As mentioned above, changes in the stratospheric aerosol loading, particularly after the Mt. Pinatubo eruption, may also have briefly altered the radiative balance in the troposphere enough to influence net chemical production of ozone. Chandra et al. [1999] have suggested that tropical tropospheric ozone may be influenced by the 11-year solar cycle. However, correlations of ozone with the solar cycle drop off rapidly as a function of latitude, and so the solar cycle is not expected to play a significant role in controlling ozone at midlatitudes.
Temperature and Humidity
[42] Photochemical production of ozone is strongly dependent upon temperature, and a positive correlation between ambient temperature and surface ozone is well established [e.g., Vukovich et al., 1977] . Increasing temperatures shift the balance of NO x and peroxyacetyl nitrate (PAN), a reservoir species for NO x that is prone to thermal decomposition [Penkett and Brice, 1986; Sillman and Samson, 1995] . The association of high temperatures with stagnation also contributes to the correlation of surface ozone with temperature [Jacob et al., 1993] .
[43] Significant increases in surface temperatures have been observed in recent years, and may have contributed to observed ozone increases in the troposphere. A map of the change in surface temperatures from 1970 to 1995, as derived from data provided by NASA/GISS, [Hansen et al., 1999] , is shown in Figure 18 . Summertime temperatures across Europe increased more than 1.5°C from 1970 to 1995, while temperatures across much of Canada and the northern United States decreased by more than 0.5°C. Temperature trends in the free troposphere are highly correlated with trends at the surface over the continents at northern midlatitudes, although not over the oceans [Folland and Karl, 2001] .
[44] We calculate here the change in ozone resulting from the change in temperature from 1970 to 1995 by comparing results of the standard 1994 GEOS-CHEM simulation with results from a simulation in which input temperatures were adjusted to their 1970 values, using linear monthly mean trends calculated from surface temperature observations given by Hansen et al. [1999] . These corrections were applied to temperatures at all model levels in the troposphere, recognizing that there is some inaccuracy in this assumption when considering temperatures over the oceans. However, observed temperature trends over the oceans have been relatively weak, and so the assumption made here should not introduce as much error as might otherwise be expected. In addition, absolute humidities in the model were adjusted to preserve relative humidity.
[45] The calculated difference in surface ozone is shown in Figure 19 . The observed temperature changes alone explain only a small fraction of the observed ozone trends during the summer. Over Western Europe, increases in ozone of 2-3% are seen in the summer, consistent with the significant warming that has occurred there since 1970, whereas slight declines in ozone are indicated over North America. Sillman and Samson [1995] calculate a marginal Figure 17 . GEOS-CHEM modeled change in surface level O 3 due to change in stratospheric ozone from 1979 to 1993 for January (top) and July (bottom). Units are in percent difference. Column data obtained from Total Ozone Mapping Spectrometer (TOMS) Web site (http://jwocky. gsfc.nasa.gov).
rate of increase in O 3 with increasing temperature for urban and rural sites of about 1 ppb O 3 per 1°C. Using this value, the observed temperature change from 1970 to 1995 translates into a 1.5 ppb (3%) increase in O 3 over Western Europe, and a small 0.5 ppb (1%) decline in O 3 over much of North America, consistent with GEOS-CHEM model results. It should be pointed out, however, that surface observations indicate that O 3 rises faster with temperature than is predicted by regional models [Sillman and Samson, 1995] , and so the actual atmospheric response to rising temperatures may be greater than the results presented here. However, other simulations of climate change that account for global warming and concomitant changes in humidity and meteorology indicate a negative feedback on ozone levels [Stevenson et al., 2000] .
Sensitivity of Ozone to Combined Influence of All Factors
[46] We conclude by comparing observed changes in ozone with calculated changes in ozone from 1970 to 1995 from model simulations that take into account the observed changes in all the factors considered in this study. Figure 20 compares the change in the observed ozonesonde profiles at three northern midlatitude stations from 1970 to 1995 with the difference between calculated ozone profiles from the standard 1994 and the standard 1970 GEOS-CHEM model simulations (cf. Table 2 ). The ''standard 1970'' scenario differs from the ''1970 emissions'' scenario presented earlier in that temperatures are also adjusted to 1970 levels, the stratospheric ozone column is adjusted to the 1979 -1981 mean from TOMS, and the ozone flux is reset to 810 Tg year À1 , taking into account an assumed 30% change in the ozone flux from the stratosphere that is likely to have taken place from 1970 to 1995 (cf. section 5). The calculated changes in the ozone profiles over Europe and Japan in spring and summer are in reasonable agreement with the observed changes, and calculated changes in ozone over Canada have a dependence with altitude similar to the observed changes. However, discrepancies remain between the model and observations over Europe and Japan in the fall and winter, and over Canada year-round. The agreement that is shown is attributed primarily to the combined influence of two factors: an increase in anthropogenic emissions leading to an increase in ozone in the lower troposphere, and a decline in the flux of ozone from the stratosphere. Variations in observed temperatures also have a small but significant influence on summertime ozone values, tending to increase ozone over Europe and decrease ozone over Canada.
[47] Spatial variations in the trends also begin to emerge when the combined influences on ozone are considered together. Larger positive trends are seen over Japan most of the year, while trends over Canada are somewhat weaker, particularly in the winter and spring. This suggests that variations in the stratospheric source of ozone and in temperature have the potential to modulate trends in ozone, particularly in areas far removed from major sources of emissions (e.g., Canada). Although this model calculates Figure 9 ). There is some concern over the quality of the Canadian sonde data from the 1970s [Tarasick et al., 1995; World Meteorological Organization, 1999] . This is not an issue for the data obtained after 1980, and these data also show a decline in tropospheric ozone from 1980 to 1996 ]. An increased sensitivity of modeled ozone either to temperature or to the stratospheric source of ozone would likely increase the modeled spatial variability of ozone, and would further improve agreement with observations.
Summary and Discussion
[48] A number of factors that have contributed to observed ozone trends at Northern Hemisphere midlatitudes have been investigated with the GEOS-CHEM and the Harvard-GISS CTMs. Increased surface emissions of NO x from fossil fuel combustion have had the largest effect on ozone in the lower troposphere since 1970 according to model results, and indicate more than a 10% increase in ozone over Canada, Europe, and Japan year-round, and as much as a 20% increase over Europe and Japan in the summer. In rapidly developing areas of the world such as eastern Asia, rising anthropogenic emissions appear to explain much of the increase in ozone from 1970 to 1994 observed over Japan in spring and summer. It should be noted, however, that while the model suggests that ozone over Japan ought to have risen steadily along with rising Chinese emissions, observed ozone over Japan shows increases from 1970 to 1980, but almost no increase after 1980 . Since convective activity over eastern Asia is stronger than it is over other industrialized areas of the world, modeled emissions from this region have a greater probability of escaping from the boundary layer into the free troposphere. As a result, increasing emissions of ozone precursors from China will lead to higher background levels of ozone downwind. Analyses of surface ozone data from the United States indicate that mean ozone concentrations have not increased ], but that background levels (defined by ozone levels at the lower end of the probability distribution) have risen by about 1 -2 ppb from 1980 to 1998 [Lin et al., 2000] .
[49] Some projections of future anthropogenic emissions indicate that NO x emissions from China alone may exceed 6 Tg year À1 by 2010 [Chameides et al., 1999; van Aardenne et al., 2001] , surpassing projected emissions from the United States [Environmental Protection Agency, 2000] . Model simulations indicate that sharply higher emissions of ozone precursors from China may also lead to noticeably higher ozone levels as far downwind as the Pacific Coast of North America, and perhaps beyond [Berntsen et al., 1999; Jacob et al., 1999] . Modeled NO x emissions from aircraft, up by a factor of three since 1970, result in a 5% increase in ozone in the Atlantic flight corridor in the summer, but account for only a 1 -2% increase of ozone in the zonal mean upper troposphere at northern midlatitudes.
[50] In contrast to NO x emissions, increases in CO and NMHC emissions from fossil fuel combustion have been more modest. Although long-term changes in hydrocarbon emissions have affected the strength of regional high-O 3 episodes [Lefohn et al., 1998; Fiore et al., 2002] , they have not contributed significantly to mean tropospheric ozone trends, according to model results here.
[51] Observed increases in CH 4 levels from 1970 to 1994 have contributed significantly to increases in tropospheric ozone according to our model results. We find that increased CH 4 oxidation has been responsible for a 3 -4% increase in tropospheric ozone globally, or approximately 25% of the modeled increase in ozone when all factors are considered. At northern midlatitudes, where the increase in NO x leads to the largest increases in ozone, rising CH 4 levels are responsible for approximately 20% of the increase in ozone. Unlike the influence of shorter-lived species, which tend to be regional, the influence of CH 4 on ozone is more uniform across the globe.
[52] The stratospheric source exerts a large influence on ozone throughout the year in the upper troposphere, where 30 to 50% of ozone is of stratospheric origin, according to the GEOS-CHEM model. Model results indicate a smaller but significant influence on ozone in the winter and spring at northern midlatitudes in the lower troposphere, where approximately 10% of ozone is estimated to be of stratospheric origin. In summer, the modeled influence of the stratosphere on lower tropospheric ozone is negligible. The stratospheric flux of ozone into the troposphere may have decreased by as much as 30% in recent years, a result of large declines in lower stratospheric ozone during the winter and spring, when the dynamically controlled annual cycle of STE is at a maximum. Changes in modeled ozone resulting from a 30% reduction in the flux of ozone bear some resemblance to the vertical structure of observed changes in midlatitude ozone, but observed ozone declines over Canada are more pronounced than modeled declines.
[53] Increases in UV radiation reaching the troposphere, caused by long-term declines in stratospheric ozone, appear to have only a negligible effect on tropospheric ozone at northern midlatitudes. A moderate decrease in tropospheric ozone (less than 4%) is predicted at southern midlatitudes in austral summer by both the GEOS-CHEM and Harvard-GISS models, a result of severe Antarctic ozone depletion since 1970. The effects of changing temperatures (and water vapor levels) on ozone have also been investigated. Positive trends in temperature over Europe in summer of approximately 1.5°C since 1970 increase ozone by a few percent, while negative temperature trends over Canada of about 0.5°C reduce ozone by a negligible amount. One conspicuous shortcoming of the models is their inability to predict sufficiently large ozone trends over Europe in the summer and fall. It is unclear whether a stronger sensitivity to temperature changes could account for the unexplained portion of the ozone trends.
[54] Although not explored in this work, there is evidence that changes in meteorology may have contributed to longterm ozone trends in certain regions [Guicherit and van Dop, 1977; Beekmann et al., 1994] . Beekmann et al. [1994] detect a relationship between ozone in the middle troposphere and potential vorticity, a proxy for stratospheric air, and note a positive gradient in tropospheric ozone with respect to latitude over Europe. A preliminary analysis of sonde data from Hohenpeissenberg performed during the course of this work, however, indicated no clear relationship between ozone and wind direction. The effects of meteorological variability were explored with a numerical model by Lelieveld and Dentener [2000] using ECMWF assimilated wind fields over a 15-year period, but they were unable to reproduce the observed interannual variability in lower tropospheric ozone. The relatively coarse spatial resolution of the model may have limited its ability to adequately resolve synoptic-scale events.
[55] Several unresolved issues may limit the ability of the models to reproduce observed trends. The Harvard-GISS and the GEOS-CHEM models estimate somewhat higher production and loss rates of ozone than other tropospheric CTMs by as much as 15 to 30% [Hauglustaine et al. [1998); Houweling et al., 1998; Lelieveld and Dentener, [2000] . These differences may arise from different ways of calculating O x production rates and/or photolysis rates [Bey et al., 2001a] , or differences in cloud cover used in the calculation of these rates. Differences in modeled in situ photochemical production and loss rates affect the relative importance of the stratospheric source. Lelieveld and Dentener [2000] find that the stratospheric source is responsible for 30-40% of modeled surface ozone at northern midlatitudes in winter, and 10 -20% in summer. In contrast, results from the GEOS-CHEM model indicate that only 15-20% of midlatitude surface ozone is of stratospheric origin in winter, and less than 5% in summer. If the photochemical production of ozone is overestimated, then the influence of the stratospheric source will be underestimated, and vice versa. Further improvements in the underlying meteorological models might help to improve the reliability of CTMs as tools for understanding the causes of recent trends in tropospheric ozone.
[56] Also of concern is the accuracy of the current method imposed to simulate the annual flux of ozone across the tropopause. An incorrectly modeled seasonal cycle (as appears likely in the case of the GEOS-CHEM model), could adversely affect the response of modeled ozone to the stratospheric flux. Considering the importance of the stratospheric source to tropospheric ozone at midlatitudes, a more realistic simulation of the cross-tropopause transport is required for models used to investigate the causes of past trends in ozone.
